This paper studies the stress-strain models to simulate the strength deterioration of the confined concrete and various sectional steel tubes in hollow steel tubular (HST) columns and concrete filled steel tubular (CFT) columns. The stress-strain models for above components by considering strength deterioration are simplified as to analyze steel and CFT frames subjected to ground motions. The model consists of an elastic-plastic curve up to the peak and a bi-linear after the peak which expresses the strength deterioration by negative slopes. The characteristic parameters of the stress-strain models for in-filled concrete and steel tubes are calibrated by comparing the component test results and the corresponding analytical results, and the proposed formulae for the deteriorating models of HST and CFT columns can accurately simulate the strength, stiffness and deterioration after local-failures.
Introduction
Severe ground motions are generated by great earthquakes like Hyogoken-Nanbu earthquake (1995), Tokachi earthquake The constitutive model of confined concrete is characterized by the improvement of strength and ductility compared with plain concrete. Popovics 1) proposed a formula to express the stress-strain relation of unconfined concrete covering from elastic to failure. Mander et al. 2 )~3) studied the confinement effect of concrete by lateral ties and proposed the stress-strain model of confined concrete by adopting Popovics equation, based on experimental and theoretical researches. Sargin et al. 4) studied the effects of lateral reinforcements upon the stress and deformation behavior of concrete and proposed stress-strain model of confined concrete without dimension. Sakino et al. 5) proposed an empirical equation of the stress-strain model of confined concrete based on Sargin�s equation.
For steel, Menegotto & Pinto 6) proposed the function to define the skeleton and hysteresis curves of steel. Ohi & Akiyama 7, 8) proposed the stress-strain relation of steel are composed of a part of skeleton curve, the unloading elastic curve and the Bauschinger effect. Yamada 8) and Kawano 9) defined the effect of local buckling of hollow and concrete filled steel tubes.
This study presents the stress-strain models of confined concrete and steel material for various structural members which are proposed according to one-dimensional finite element method, experimental databases and regression analysis. In order to verify the prediction accuracy and applicable range of deteriorating stress-strain model, several test results of hollow steel tubular (HST) and concrete filled steel tubular (CFT) columns with circular and square hollow sections are compared with analysis results by adopting the unified stress-strain models of confined concrete and steel with strength deterioration based on the previous studies 10) .
Method of Analysis
FEM program 11) is applied to carry out the elasto-plastic analysis of the structural components under various loading procedures. Geometric nonlinearities are considered using an updated Lagrangean formula with a local coordinate axis for each element, which moves along with the element within the global coordinate axis system. The element stiffness was evaluated by the means of Gaussian numerical integrals using three Gaussian points (sections). The stiffness of cross sections was numerically integrated by dividing the section into a number in terms of the background that it is too complicated to consider the plastic length of members subjected to various loading conditions.
Constitutive model of confined concrete
Ordinarily, the behavior of the concrete being filled in CFT columns is improved by the confinement effect by steel tube. The confinement effect changes associated with square and circular steel tubes as shown in Fig. 3 , in which, the post-peak strength deteriorations of confined concrete in rectangular and circular CFT columns are both improved, in order to effectively prevent fragile failure. Furthermore, the strength of confined concrete in circular CFT columns is also improved.
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The hysteresis rule of confined concrete model is based on the relation that the strain at the intersection point between unloading curve and strain coordinate is equal to a half of the strain (��r) at unloading point, as shown in Fig. 4(a) . The typical stress-strain model of confined concrete is simplified to bi-linear of post-peak and normalized as shown in Fig. 4(b) . As observed in Fig. 4(b) , the stress-strain relations of confined concrete are separately treated as three parts, which are respectively denoted as the ascending branch before strength (OA), descending branch after strength (AC) and the residual branch after strength deterioration (CD). The specific values of confined concrete in square and circular CFT columns 13) are presented in Table 1 . Table 1 Parameters for the confined concrete in CFT 13) Parameters Concrete in square CFT Concrete in circular CFT Table 1 . 
Where the deterioration gradient is calculated by the peak point (X=1, Y=1) and the inflexion point (Xi, Yi) in normalized coordinate as expressed by Eq. (3) ' '
Finally, the post-peak deterioration is defined by bi-linear curve of A-B-C and C-D, which are expressed by Eq. (4)
Therefore, the crossover point C (Xcu, Ycu) of A-B-C to C-D calculated by point A, B and D is capable of determining the strength deterioration.
Regression analysis
Multivariable regression analysis is conducted to propose an formula for the strength deterioration of confined concrete and steel tube. 
( 1) Table 2 .
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As shown in Table 2 , the multiple regression analysis is conducted under the ranges of W=0.5~5 and V=1~20. The regression formula and its accuracy are shown in Fig. 6 . As shown in Fig. 6(a) , the formula of value Xcu which represents the ultimate strain of confined concrete is proposed to be Eq. (6) 
Constitutive Model of Steel Tube

Local buckling
The local buckling patterns of hollow steel tubular and concrete filled steel tubular components are obviously different due to the confinement effect by in-filled concrete. For unfilled rectangular or square bare steel tubes under axial compression, the local buckling pattern consists of inward and outward buckles 14) . For steel tubes being in-filled by concrete, the inward buckling is effectively prevented as shown in Fig. 7 . Thus, the local buckling pattern of steel tubes and its influence on strength deterioration with or without internal confinement needs to be considered.
Constitutive relation
The hysteresis curve of steel tubes can be composed of three parts which are a part of skeleton curve, unloading curve and Bauschinger curve as shown in Fig. 8 (a) . The skeleton curves moves according to the parameter ��as presented in Fig. 8 (b) , to connect with Bauschinger curves. Two M&P (Menegotto-Pinto) functions with different strength levels (�y, �u) are combined to simulate the strength hardening. The stress-strain models for steel tubular components by considering and ignoring strength degradation are shown in Fig. 8 (c) . As observed in Fig. 8 (c) , the steel tubes in HST and CFT components show strength degradation after local buckling occurred. As shown in Fig. 8 (c) , various parameters need to be determined to define the stress-strain models of circular and square steel tubes considering the strength deterioration as shown in Table 3 . The parameters of rspm, �lb1 are correspondingly modified by ��.
Besides, the local buckling of square steel tubes with in-filled concrete is different from that of hollow section. Thus, the �lb is modified based on Kawano�s proposal 9) as Eq. (9) 1.4 2 lb y y
Similarly, the deterioration gradient �lb2 after local buckling is also different between HST and CFT as shown in Table 3 .
Strength deterioration of circular steel tubular components
The strength deterioration happens after local buckling, and the strain at local buckling �lb of hollow circular steel tubes is proposed by Ogawa et al. 16) as expressed by Eq. (10) Table 3 .
The strength deterioration of circular steel tube after local buckling (����lb) is simplified into bi-linear relation as shown in 
On the basis of ��������������proposal 17) , regression analysis is conducted to define the bi-linear deterioration model based on ���� ������� ���������� ������ ���� ���ameters and its ranges are ���D/T������ �������fy�������� respectively. The bi-linear model of strength deterioration is shown in Fig. 9 .
As shown in Fig. 9 , firstly, the tangent line and its intersection point (C) of the Eq. (11) with gradient of 0.005Es is derived as shown of the tangent line at point C in Fig. 9 . Then, the midpoint of strain between �lb and �lb2 is also derived to fix the intersection point (B). Consequently, the bi-linear model is determined by points of A, B and C in Fig. 9 , and the �spm, �lb are respectively proposed by regression results as shown in Table 3 . 
Circular HST and CFT columns
Monotonic and cyclic tests 18 Table 5 . As the comprehensive comparisons of circular (square) HST
and CFT columns between analysis and test results by adopting the proposed confined concrete and steel models considering strength deterioration, the strength deterioration could not be ignored and proposed models could accurately predict the seismic behavior of HST and CFT columns subjected to various loading conditions.
Conclusions
Stress strain model for the confined concrete in CFT columns considering strength deterioration is analyzed and proposed, and the stress-strain models for the circular and square steel tube with or without in-filled concrete are also developed by considering the strength deterioration after local buckling.
Certain results could be concluded as follows: 
